The effect of sulfur dioxide on particle formation and growth by ozonolysis of three monoterpenes (α-pinene, β-pinene, and limonene) and isoprene was investigated in the presence of monodisperse ammonium sulfate seed particles and an OH scavenger in a flow tube under dry conditions. Without sulfur dioxide, new particle formation was not observed, and seed particle growth was consistent with condensation of low-volatility oxidation products produced from each organic precursor. With sulfur dioxide, new particle formation was observed from every precursor studied, consistent with sulfuric acid formation by reaction of sulfur dioxide with stabilized Criegee Intermediates. The presence of sulfur dioxide did not significantly affect seed particle growth rates from α-pinene and limonene ozonolysis, although chemical composition measurements revealed the presence of organosulfates in the particles following SO 2 exposure. Contrarily, the growth of seeds by β-pinene and isoprene ozonolysis was considerably enhanced by sulfur dioxide, and chemical composition measurements revealed that the enhanced growth was not due to additional organic material, suggesting that inorganic sulfate was likely responsible. The results suggest that a previously unconsidered particle-phase pathway to growth activated by sulfur dioxide may alter production of cloud condensation nuclei over regions with significant SO 2 -alkene interactions.
Introduction
Secondary organic aerosol (SOA) formed by oxidation of volatile organic compounds (VOCs) represents an important pathway for particle formation and growth in the troposphere (Ehn et al., 2014; R. Zhang et al., 2012) . SOA can negatively impact both human health (Mauderly & Chow, 2008) and climate through scattering of sunlight and by influencing cloud condensation nuclei (CCN) formation, hence contributing to aerosol radiative forcing effects (Seinfeld et al., 2016) . Of the total global VOC emissions contributing to SOA formation, approximately 90% come from biogenic sources (Guenther et al., 1995) . Monoterpenes alone can yield an estimated global emission rate of about 108 Tg C/year (Messina et al., 2016) . It has recently been reported that oxidation of monoterpenes is the largest contributor to organic aerosol during the summertime in the southeastern United States, with a lesser albeit still significant contribution arising from isoprene oxidation (Nagori et al., 2019; H. Zhang et al., 2018) .
Recently, the influence of anthropogenic emissions on the formation of biogenic SOA (BSOA) has garnered significant attention (Goldstein et al., 2009; Nagori et al., 2019; Ng et al., 2017; Xu et al., 2015; Ye et al., 2018) . A number of recent field studies in forests have shown alterations in BSOA formation with increased anthropogenic emissions, underlining the important effects of the interactions between biogenic VOC (BVOC) emissions and pollutant plumes on the regional climate (de Gouw et al., 2005; Goldstein et al., 2009; Massoli et al., 2018; Shilling et al., 2013; Xu et al., 2015) . In particular, SO 2 has been thought to play a significant role in altering BSOA formation by interacting with reactive species formed during BVOC oxidation, namely, the stabilized Criegee Intermediates (sCIs) produced during ozonolysis of alkenes Boy et al., 2013; Mauldin et al., 2012; Sipilä et al., 2014) . sCIs have been shown to oxidize SO 2 , leading to sulfuric acid production via SO 3 formation (Boy et al., 2013; Cox & Penkett, 1971) . Field studies in both coastal (Berresheim et al., 2014) and boreal forest (Mauldin et al., 2012) environments have revealed a non-OH source of atmospheric sulfuric acid leading to increased sulfate aerosol production, thought to arise from sCI-induced oxidation of SO 2 . Ye et al. (2018) studied BSOA formation from α-pinene and limonene ozonolysis in the presence of SO 2 and found that limonene SOA was enhanced, whereas SOA by α-pinene was not affected. They suggested that organosulfate formation from reaction of SO 2 with the sCI or organic peroxides is responsible for altering the SOA yields. Liu et al. (2017) showed that the SOA yield from cyclohexene photooxidation is suppressed by SO 2 under atmospherically relevant concentrations. They attributed this decrease to the reaction of SO 2 with OH, which competes with cyclohexene oxidation and outweighs any acid-catalyzed SOA enhancement effect that would occur from sulfuric acid formation. While these studies show that SOA formation can be affected uniquely for different precursors, the chemical processes behind these interactions and their influence on aerosol climate effects are not yet fully understood.
Here, we have examined the effect of SO 2 on the growth of monodisperse ammonium sulfate seed particles during ozonolysis of α-pinene, β-pinene, limonene, and isoprene in a flow tube in the presence of an OH scavenger under dry conditions. Our primary goal was to investigate the impact of SO 2 on the growth of Aitken mode particles in order to better understand how SO 2 may alter CCN concentrations over forested regions. Our secondary goal was to investigate the extent of new particle formation caused by reaction of SO 2 with sCIs produced from different biogenic alkenes. The results provide insight into important atmospheric processes that may significantly impact aerosol climate effects in regions where interactions of biogenic and anthropogenic emissions occur.
Materials and Methods

Flow Tube Reactor Experiments
Nanoparticle formation and growth during BVOC ozonolysis in the absence and presence of SO 2 was studied using a quartz flow tube described in detail by Krasnomowitz et al. (2019) . The experimental setup used for this study is illustrated in Figure 1 , and the conditions are described in detail in Text S1 in the supporting information. The mean residence time in the flow tube was 232 ± 15 s under the conditions studied. Experiments were conducted in three consecutive steps. In the first step, a mixture of zero air, ozone, and 50-nm monodisperse ammonium sulfate seed particles were introduced into the inlet of the flow tube and their concentrations allowed to stabilize. The seed particles were produced via atomization of an aqueous 5-mM (NH 4 ) 2 SO 4 solution, effloresced using a Nafion drier (Model MD-700, Perma Pure, Lakewood, NJ), and size selected with a differential mobility analyzer (3081 DMA, TSI Inc., Shoreview, MN) prior to introduction into the flow tube. In the second step, liquid α-pinene (98%, Sigma-Aldrich, St. Louis, MO), β-pinene (98%, Sigma-Aldrich, St. Louis, MO), d-limonene (MP Biomedicals, Santa Ana, CA), or isoprene (99%, Alfa Aesar, Haverhill, MA) was evaporated into a gently heated air flow via a syringe pump, and a precisely controlled portion of the flow was sent through an injector tube slightly downstream of the ozone and seed particles to ensure proper mixing within the flow tube. In all experiments, H 2 (99.999%, Keen Gas, Wilmington, DE), used as an OH scavenger, was also introduced along with the BVOC vapor. We note that the use of an OH scavenger was chosen to inhibit SO 2 oxidation by OH radicals produced during BVOC ozonolysis, allowing us to probe SO 2 oxidation due strictly to the Criegee Intermediates. In the third step, a low flow of SO 2 from a stock calibration cylinder (5.0 ppmv balanced in N 2 , Gasco, Oldsmar, FL) was added at the flow tube inlet. Particle size and concentration at the flow tube outlet were continuously measured with a scanning mobility particle sizer (Model 3938 SMPS, TSI Inc., Shoreview, MN), as well as ozone concentration with an O 3 analyzer (Model 49i, Thermo Fisher Scientific, Waltham, MA). In addition, relative humidity and temperature were constantly monitored, which remained at 15 ± 3% and 24 ± 1°C, respectively, over the course of all experiments. Repeat experiments for each precursor showed excellent reproducibility, with seed particle diameter changes differing only by ±0.1 nm.
Particle Composition Measurements
Offline molecular composition measurements of the particles grown by α-pinene and limonene ozonolysis, both with and without SO 2 present, were conducted using high-resolution electrospray ionization mass spectrometry (ESI-MS) following a previously established method described by Tu and Johnston (2017) . For each condition, 10 μg of particles were collected onto a 25-mm quartz microfiber filter (GF/D, Whatman, Maidstone, UK), subsequently extracted using 2 ml of acetonitrile (Optima grade, Fisher Scientific, Hampton, NH) and concentrated under vacuum to a final volume of 40 μl, resulting in a concentration of 0.1 μg/μl. For analysis, 5 μl injections of the concentrated extracts were analyzed by direct infusion ESI on a high-resolution Thermo Q-Exactive Orbitrap mass spectrometer operated in negative ion mode. Molecular characterization of particles grown by β-pinene and isoprene ozonolysis was not performed due to insufficient organic mass formed in those experiments, which would have resulted in a very long collection time and an increased risk of bias due to sampling artifacts.
In addition, online elemental composition measurements were conducted using a modified version of the Nano Aerosol Mass Spectrometer (NAMS) described elsewhere (Horan et al., 2017; Stangl & Johnston, 2017) . Briefly, particles exiting the flow tube are drawn through an aerodynamic lens system into the instrument and ionized by creating a laser-induced plasma, which quantitatively converts nanoparticles into positive atomic ions that are subsequently extracted and separated by time-of-flight. With the version of the NAMS used in these experiments, particle transmission degrades quickly with decreasing vacuum aerodynamic diameter below 40 nm (Horan et al., 2017) . For this reason, the NAMS results are interpreted as elemental composition measurements of the seed particles, even if nucleation of small nanoparticles also occurred during the experiment. Figure 2 shows the time-resolved particle size and number concentrations measured during each experiment in which SO 2 was added during BVOC ozonolysis in the presence of dry monodisperse ammonium sulfate seed particles and H 2 . The ozone mixing ratio was monitored through a sampling port at the flow tube outlet and remained at 138 ± 2 ppbv over the course of each experiment. Mixing ratios of BVOC at the point of introduction into the flow tube are given in Table 1 . Depending on which BVOC was being used, the injection rate of the syringe pump was adjusted such that approximately the same number of molecules of each BVOC reacted with ozone over the course of the residence time in the flow tube. The necessary BVOC mixing ratios were determined based on the ozonolysis rate constants of the four BVOCs studied (Table 1) . Steady state mixing ratios of H 2 and SO 2 (when present) were calculated based on the gas flow rates and the dilution factor inside the flow tube and were approximately 0.1% and 8 ppbv, respectively, for every experiment. Upon introduction of SO 2 , a distribution of newly formed particles smaller than the seed particles was observed for all BVOCs studied. For this reason, we report the diameter change of the seed particles as d seeds (Figure 2 ), which is defined as the median diameter of particles spanning 45-to 100-nm electrical mobility diameter. This range represents only the distribution of ammonium sulfate seed particles and distinguishes their growth from that of the newly formed particles. This is illustrated more clearly in Figure 3 , which shows the average size distributions during the steady state periods indicated by the horizontal brackets above the plots in Figure 2 . The concentrations of total particle number (N total ) are also shown in Figure 2 , and these values span the entire measured size range of 3-to 100-nm electrical mobility diameter, therefore representing both newly formed particles and seed particles.
Results
Effect of SO 2 Addition During BVOC Ozonolysis
α-Pinene and Limonene Ozonolysis
Each experiment began with the addition of ozone, H 2 , and seed particles, which were allowed to stabilize prior to introduction of the BVOC. Upon addition of α-pinene, d seeds grew quickly from 50.5 to 51.9 nm; however, N total remained constant ( Figure 2a) . Recently, Krasnomowitz et al. (2019) reported a similar experiment where SOA from α-pinene ozonolysis was grown on size-selected ammonium sulfate seed particles between 40 and 80 nm in diameter. The dependence of growth on seed particle diameter was consistent with a condensational growth mechanism. Because the experiment in Figure 2a is very similar to the Krasnomowitz experiments, we attribute growth to condensation of nonvolatile oxidation products formed during the ozonolysis reaction. In the discussion below, we refer to these products as condensable organic molecules rather than the widely used term highly oxidized molecules (HOMs), since HOMs are specific molecules detected in the gas phase by chemical ionization MS (Bianchi et al., 2019; Ehn et al., 2014) , which was not performed in these experiments. 
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The high-resolution ESI mass spectrum of these particles (Figure 4 ) consisted primarily of known monomers of SOA produced from α-pinene ozonolysis, for example, pinic acid (C 9 H 14 O 4 ; RI = 100%), norpinic acid (C 8 H 12 O 4 ; RI = 49%), OH-pinonic acid (C 10 H 16 O 4 ; RI = 16%), and terebic acid (C 7 H 10 O 4 ; RI = 13%; Yasmeen et al., 2010; X. Zhang et al., 2015) . These compounds may have partitioned directly from the gas phase to the particle phase, or they may have been formed within the particle phase by decomposition of more highly reactive precursors. An intensity-weighted O/C ratio of 0.47 was determined for the mass spectrum based on the method of Heaton et al. (2009) , which is in agreement with previous measurements of SOA produced from α-pinene ozonolysis (Kourtchev et al., 2015) . Furthermore, very little ion signal from dimers was detected, supporting that the observed seed particle growth was due to condensation of lowvolatility monomer products, rather than through dimer formation in the gas phase by, for example, RO 2 + RO 2 chemistry, or accretion chemistry in the particle phase.
Upon addition of SO 2 , a burst of new particle formation occurred, resulting in an increase in N total by about a factor of 5. This nucleation can be explained by the formation of sulfuric acid arising from the reaction of SO 2 with the sCI formed during α-pinene ozonolysis, which has been widely discussed as an important pathway to atmospheric H 2 SO 4 formation Sarwar et al., 2014; Sipilä et al., 2014) . To help support this interpretation, a control experiment was performed in which SO 2 was added to the flow tube in the absence of monoterpene, and no new particle formation or enhancement in the growth of the seed particles was observed. The control experiment confirmed that the sCI (or other non-OH oxidation products of α-pinene ozonolysis) was necessary for oxidation of SO 2 . A very similar trend was observed in the second experiment, where addition of limonene caused d seeds to increase from 50.1 to 52.1 nm, and again no increase in N total was observed ( Figure 2b ). Further, ESI-MS again revealed the dominance of previously identified monomeric oxidation products of limonene ozonolysis ( Figure S1 ) (Walser et al., 2008) . Upon addition of SO 2 , formation of new particles led to an increase in N total by about a factor of 7, again suggesting oxidation of SO 2 from the sCIs produced during limonene ozonolysis.
Despite substantial increases in the total particle number concentrations owing to SO 2 -induced nucleation, no significant change was observed in the growth of the seed particles for either alkene, with d seeds remaining practically constant in both experiments. Two general factors determine whether or not SO 2 modifies seed particle growth: First, the presence of SO 2 may decrease the production of condensable organic molecules due to competition of SO 2 and organic species for reaction with the sCIs. Numerous studies have identified oligomeric hydroperoxides formed via sCI-induced reactions that can partition to the particle phase, contributing to SOA formation (Inomata et al., 2014; Riva et al., 2017; Sakamoto et al., 2013) . Counterbalancing the potential reduction of condensable organic molecules by reaction of SO 2 with the sCI is formation of H 2 SO 4 , which represents a new channel for condensational particle growth. Second, the formation of new particles opens an additional condensation sink on which nonvolatile species can condense. The total particle condensation sink at the flow tube outlet was calculated for each experiment before and after SO 2 addition based on the method of Dal Maso et al. (2002) , and the values are summarized in Table 2 . Following SO 2 addition, the seed particles only contributed 50% and 40% to the total particle condensation sink at the flow tube outlet in the α-pinene and limonene experiments, respectively. Emergence of the nucleation mode in the flow tube means that the fraction of gas-phase nonvolatile molecules condensing on the seed particles will decrease, since a significant fraction will condense on particles in the nucleation mode instead. Counterbalancing this effect is the possibility that a greater fraction of gas-phase species may end up in the particle phase. Using the calculation procedure of Krasnomowitz et al. (2019) , we estimate that in the absence of SO 2 , about 65% of condensable molecules produced by α-pinene ozonolysis end up in the particle phase at the flow tube outlet. After SO 2 addition, the fraction of condensable molecules ending up in the particle phase (neglecting the impact of the Kelvin effect on nucleation mode particles) rises to about 76% owing to the condensation sink increase. Since the diameter growth of seed particles was not affected by the presence/absence of SO 2 , changes in the above processes caused by the presence of SO 2 must have offset each other.
ESI-MS analysis of the particles collected in the presence of SO 2 revealed a number of newly formed organosulfur species in both the α-pinene and limonene experiments (Figures 4 and S1 ), which were further confirmed as organosulfates by MS/MS analysis (e.g., Figure S2 ). Therefore, it is likely that condensation of sulfuric acid and subsequent reaction with organics occurred on the seed particles. Organosulfate formation from both α-pinene and limonene ozonolysis has been previously reported to be greatly enhanced in the presence of acidic seed particles (Surratt et al., 2008) . A recent study by Ye et al. (2018) also reported formation of organosulfates when α-pinene and limonene ozonolysis was performed in the presence of SO 2 , many of which match those identified in Figures 4 and S1.
NAMS analysis of the seed particles grown by α-pinene and limonene ozonolysis also revealed a change in the elemental composition caused by SO 2 addition ( Figures S3 and S4 ). In the absence of SO 2 , a significant carbon 
Journal of Geophysical Research: Atmospheres signal was observed in both experiments, again supporting that the observed growth was due to condensable organic molecules. Following addition of SO 2 , an increase in the sulfur-to-carbon mole ratio (S/C) was observed in both experiments, increasing from 0.5 to 0.7 in the α-pinene trial and 0.2 to 0.5 in the limonene trial, suggesting that the overall particle composition has become more sulfur rich through inorganic and/or organosulfate formation.
β-Pinene and Isoprene Ozonolysis
Upon addition of β-pinene, a small increase in the seed particle diameter of~0.6 nm was observed (Figures 2c and 3c) , consistent with its lower reported yield of condensable organic molecules relative to α-pinene or limonene (Ehn et al., 2014; Jokinen et al., 2015) . Upon addition of SO 2 , however, d seeds was found to increase substantially by an additional~1.5 nm. In fact, the diameter growth of the seed particles in the presence of β-pinene and SO 2 was essentially the same as the diameter growth in the presence of α-pinene and SO 2 . Particle nucleation was also observed with β-pinene in the presence of SO 2 , and the number concentration was about a factor of 5 higher than that achieved with α-pinene for approximately the same number of molecules oxidized. This suggests that the yield of H 2 SO 4 produced by oxidation of SO 2 during β-pinene ozonolysis is much greater than from α-pinene ozonolysis, which is in line with a reported higher sCI yield from β-pinene than α-pinene (Hatakeyama & Akimoto, 1994; Newland et al., 2018) . Due to this substantial new particle formation, the seed particles only contributed less than 10% to the total condensation sink after SO 2 addition. Interestingly, however, seed particle growth was still significantly enhanced, suggesting that an additional growth mechanism other than condensation of organics was likely taking place.
Similarly, the presence of SO 2 was found to enhance seed particle growth during isoprene ozonolysis. As an acyclic alkene, isoprene has been shown to give a substantially smaller yield of condensable organic molecules from its reaction with ozone relative to the three monoterpenes studied; however, it still produces a significant sCI yield (Jokinen et al., 2015; Sipilä et al., 2014) . In the absence of SO 2 , addition of isoprene led to a minimal increase in d seeds of~0.2 nm (Figures 2d and 3d ). Upon introduction of SO 2 , however, d seeds increased an additional 0.7 nm, and new particle formation was also observed, suggesting that oxidation of SO 2 during isoprene ozonolysis was responsible.
NAMS spectra of the seed particles grown by β-pinene and isoprene ozonolysis in the absence of SO 2 both showed only a trace carbon signal ( Figures S5 and S6) , consistent with the small amount of growth observed in our particle size measurements. Due to the low signal intensity, an accurate S/C ratio could not be quantified for these spectra. Interestingly, the same particles collected in the presence of SO 2 showed no further increase in carbon, revealing that the additional growth could not be attributed to organic matter. These measurements suggest that the enhanced seed particle growth observed in the β-pinene and isoprene experiments was likely due entirely to inorganic sulfate formation. In principle, this sulfate could arise from condensation of gas-phase H 2 SO 4 and/or multiphase chemistry of SO 2 .
Ozone Dependence Experiments
To further investigate the dependence of the observed nucleation and seed particle growth on the abundance of sCIs, additional experiments were carried out in which seed particles, H 2 , and BVOC were introduced into the flow tube either in the absence or presence of~8-ppbv SO 2 , and the ozone concentration incrementally raised. Figure 5 shows the measured increase in seed particle diameter (delta median) and corresponding growth rate at each ozone mixing ratio investigated for each BVOC in the absence and presence of SO 2 . For the α-pinene and limonene experiments, the increase in seed particle diameter was very similar over the entire range of ozone concentrations studied, regardless of whether SO 2 was present. In the case of β-pinene and isoprene, however, the seed particle growth rates were faster at every ozone concentration in the presence of SO 2 , and this enhancement was found to be greater at higher ozone concentrations. These results are consistent with our previous experiments from Figures 2 and 3 and suggest that in the presence of SO 2 , the growth rates of seed particles grown by β-pinene and isoprene ozonolysis are enhanced to a greater extent as sCI production is increased.
We also investigated the ozone concentration dependence on new particle formation produced from each BVOC in the presence of SO 2 . Figure 6 shows the number concentration of newly formed particles (excluding the seed particles) as a function of the ozone mixing ratio for each alkene. For every BVOC studied, the 10.1029/2018JD030064
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amount of nucleation observed increased linearly with ozone over the range of concentrations investigated. Of the three monoterpenes, β-pinene produced by far the largest yield of new particles, followed by limonene and α-pinene. This difference is likely due to the different yields of sCIs reactive toward SO 2 from each monoterpene.
Recently, it has been shown that different sizes and structural conformers (i.e., anti-and syn-) of sCIs, with different rates of reactivity, may be produced from ozonolysis of an individual unsaturated hydrocarbon Jr-Min Lin & Chao, 2017; Sheps et al., 2014; Sipilä et al., 2014; Taatjes et al., 2013) . Numerous studies have suggested that the dominant fate of the smallest sCI (CH 2 OO) is reaction with water Chao et al., 2015; Newland et al., 2015) , whereas larger sCIs, such as those produced by ozonolysis of monoterpenes, can be less reactive to water, in particular the syn conformers (Sheps et al., 2014; Taatjes et al., 2013) . Newland et al. (2018) recently studied the loss of SO 2 during ozonolysis of the same three monoterpenes studied in this work as a function of relative humidity. They found that as RH was increased, the SO 2 loss became less sensitive to [H 2 O], which they attributed to there being at least two chemically distinct sCIs produced from each monoterpene (i.e., anti and syn). They showed that above an RH of~10%, SO 2 loss essentially becomes completely insensitive to [H 2 O] for all three monoterpenes. We note that the RH used in our study (15 ± 3%) was above this level, and so the extent of SO 2 oxidation would likely be similar under higher RH representative of ambient conditions. We also note that the syn-sCI 
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Interestingly, the amount of particle nucleation observed from isoprene at each ozone mixing ratio studied in our experiment was nearly the same as that from limonene ( Figure 6 ). Isoprene has been previously reported to give a significantly higher total yield of sCIs from its reaction with ozone relative to α-pinene or limonene . Our results then suggest that only a fraction of the total isoprene sCI yield reacts with SO 2 , with the remainder likely scavenged by water vapor, which once again is likely to occur rapidly even at a fairly low relative humidity of~15% as used in this study (Newland et al., 2018) .
Enhanced Growth From β-Pinene and Isoprene
The enhancements we observed in seed particle growth from β-pinene and isoprene ozonolysis in the presence of SO 2 were surprisingly large and suggest a possible aerosol growth mechanism that has not been previously explored. Before SO 2 addition, seed particle growth in our experiments was qualitatively in order with what would be expected based on previously published yields of HOMs from the ozonolysis of each precursor (i.e., limonene > α-pinene > β-pinene > isoprene; Jokinen et al., 2015) . Recently, Krasnomowitz et al. (2019) described an experiment to quantitatively determine the molar yield of condensable organic molecules produced from α-pinene ozonolysis by measuring the diameter growth of ammonium sulfate seed particles. The reported yield of 13 ± 1% is somewhat higher than previously reported HOM yields in the 3-7% range that were obtained through gas-phase measurements with chemical ionization, and the authors discussed the inherent differences between yield determinations using gas-and particle-phase measurements. The growth of seed particles observed here qualitatively points to higher yields of condensable organic molecules as well, but these yields cannot explain the surprisingly large growth of seed particles in the β-pinene and isoprene experiments with SO 2 . Furthermore, elemental analysis of the grown particles indicate that the SO 2 -induced growth enhancement from these precursors was due to inorganic sulfate.
An important question to answer is whether or not formation of gas-phase H 2 SO 4 from the reaction of SO 2 with the sCI can explain the large amount of aerosol formation in the β-pinene experiments. As indicated in Table 1 , the total amount of β-pinene reacted in the flow tube was 7 × 10 9 molecules/cm 3 . The yield of sCI from β-pinene ozonolysis has been reported to be 0.25 (Finlayson-Pitts & Pitts, 1999) . If we use the extreme assumption that all sCIs produced by ozonolysis reacted with SO 2 to produce H 2 SO 4 and all of these H 2 SO 4 molecules partitioned to the particle phase prior to the flow tube outlet, then at most about 1 × 10 8 nm 3 /cm 3 of aerosol could have been produced. Yet, the actual volume increase was about 2 × 10 8 nm 3 /cm 3 . This large increase suggests that heterogeneous chemistry contributed to aerosol growth, at least for this precursor. Coagulation of nucleation mode particles with seed particles is calculated to be negligible on the timescale of the flow tube.
Because the seed particles were dried below efflorescence and the RH was kept low in our experiments, the seeds were expected to be solid, with possibly one or more monolayers of water molecules adsorbed onto the surface, which has been shown to occur with ultrafine ammonium sulfate particles well below the deliquescence RH (Hämeri et al., 2000; Romakkaniemi et al., 2001) . It is possible that water molecules adsorbed on the surface of the seed particles facilitated heterogeneous chemistry leading to enhanced sulfate production. The oxidation of SO 2 at the air-water interface of aqueous surfaces has recently been proposed as a potentially important pathway to ambient sulfate formation and has not yet been thoroughly explored on nanosized aerosols (Hung et al., 2018; Hung & Hoffmann, 2015) . A pathway such as this could have significant implications for understanding increased sulfate aerosol production in highly polluted environments (Kulmala et al., 2017; Yu et al., 2017; R. Zhang et al., 2009 ) and may contribute to the unusually large nanoparticle growth rates in such environments (Volkamer et al., 2006; Yu et al., 2016 Yu et al., , 2017 R. Zhang et al., 2012) .
Conclusions
We have investigated the effect of SO 2 on particle formation and growth during ozonolysis of four biogenic alkenes (α-pinene, β-pinene, limonene, and isoprene) under dry conditions. Our results show that the growth of Aitken mode ammonium sulfate particles by alkene ozonolysis can be significantly altered in the presence of SO 2 . In the absence of SO 2 , new particle formation did not occur under the conditions studied, and the increase in seed particle diameter was consistent with condensational growth by organic molecules. In the presence of SO 2 , the formation of new particles was observed from every alkene studied, and the amount of nucleation was consistent with the yield of stabilized Criegee Intermediates expected to be produced from each alkene, suggesting SO 2 oxidation was responsible. The effect of SO 2 on seed particle growth was found to be dependent on the specific alkene being oxidized. With α-pinene and limonene, no additional growth was observed, however the detection of organosulfates by ESI-MS confirmed that particulate sulfate was present and altering the organic composition of the particles. With β-pinene and isoprene, a significant growth enhancement was observed, which was found to be due entirely to inorganic sulfate formation. Our results suggest a potentially important pathway to aerosol formation and growth triggered by SO 2 and suggest that this discovery may alter CCN concentrations in regions with significant anthropogenic-biogenic interactions.
